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1 Intr oduction
Control of �o w separationby suctionwas �rst demon-
stratedby Ludwig Prandtl [1] togetherwith the presen-
tationof hisboundarylayertheory. Sincethattime,many
active and passive techniquesto control wall bounded
�o wshavebeendeveloped.If the�uid is electricallycon-
ducting,anadditionalpossibilityof �o w control is given
by theapplicationof a Lorentzforcef . This electromag-
netic body force resultsfrom the vector productof the
magneticinductionB andthecurrentdensityj :

f = j � B : (1)

Thecurrentdensityis givenby Ohm's law

j = � (E + U � B ); (2)

whereE denotesthe electric �eld, U the velocity, and
� theelectricalconductivity, respectively. Dependingon
theconductivity of the�uid, onecandistinguishbetween
two differenttypesof magnetohydrodynamic (MHD) �o w
control. If the�uid hasa highconductivity in theorderof
� � 106S/mlikeliquid metalsor semiconductormelts,an
externalappliedmagnetic�eld alonecanhaveastrongin-
�uenceonthe�o w. Asdescribedby theright termof Eq.2
the interactionof the �o w with themagnetic�eld causes
electricalcurrentsin theliquid. Thesecurrentsagaininter-
actwith theexternal�eld andgeneratetheLorentzforce
�eld asgivenby Eq. 1. Typical electrolyteslike seawater
possessa muchlower electricalconductivity in theorder
of � � 10S/m. Therefore,electricalcurrentsgenerated
by theU � B termaretoo small to producea noticeable
Lorentz force. In order to obtaincurrentdensitieslarge
enoughfor �o w controlpurposesin electrolytes,anaddi-
tionalexternalelectric�eld E hasto beapplied.
Theideato in�uencetheboundarylayerof a low conduct-
ing �uid by electromagneticforcesdatesbackto the1960s
[2]. Only recently, it hasattractednew attentionto control
turbulent boundarylayers[3, 4, 5, 6]. Several different
force con�gurationshave beeninvestigatedmainly with
the aim to reducethe skin friction of turbulentboundary
layers.Theapplicationof wall normalLorentzforceshas
beenstudiedexperimentallyby Nosenchuckandcowork-
ers[3, 7]. They reportlocal skin friction reductionsby up
to 90%. However, numericalsimulationsof comparable
con�gurationsby O'SullivanandBiringen[8] andCraw-
ford [9] have not shown this strongreduction.Theuseof
wall parallelforcesin streamwisedirectionwas�rst pro-
posedby LielausisandGailitis [2]. Thein�uence of such
a forceonaturbulentboundarylayerhasbeenstudiedex-
perimentallyby HenochandStace[5] andnumericallyby
Crawford andKarniadakis[6]. Both reporta reductionof
streamwisevelocity �uctuations, but alsoan increaseof
theskin friction with appliedLorentzforce. An oscillat-
ing wall parallelLorentzforce in spanwisedirectionhas
beenthe subjectof a numericalstudyby Kim [10]. He
foundskin friction reductionsby up to 30%.
Theaim of thepresentarticle is to give a shortoverview
of the experimentalresultsobtainedby the authors.The
investigationsare focusedon the use of wall parallel

Lorentz forces in streamwisedirection to control a �at
plateboundarylayerand�o w separationonhydrofoils.

2 Theory and Parameters
A streamwiseLorentzforce canbe generatedby a strip-
wise arrangementof electrodesand permanentmagnets
of alternatingpolarity and magnetization,respectively.
Fig. 1 shows a sketchof sucha geometry. If oneassumes
both electricandmagnetic�elds to have componentsin
y andz directiononly andneglectsthe inducedcurrents
� (U � B ) comparedto theappliedone� E, thecrossprod-
uct j � B hasanx componentonly. For givenmagnetcon-
�guration the distribution andthe amplitudeof the force
canbedeterminedby thepolarityof theelectrodesandthe
magnitudeof the currentdensity. That meansalso time
dependentforcescaneasilybeappliedby just feedingan
appropriatecurrentto the electrodes.However, electro-
chemicalaspectslike the productionof electrolyticbub-
bleshave to beconsidered.
Theconceptof Gailitis andLielausis[2] proposedto use
astreamwiseLorentzforceto stabilizea laminar�at plate
boundarylayer. A tremendousreductionof skin friction
will resultfrom transitiondelay, sinceturbulentskin fric-
tion in generalis ordersof magnitudelarger than lami-
narone.Theforcedistribution producedby thestripwise
geometryshown in Fig. 1 canbecalculatedby seriesex-
pansionsof the magneticandelectric �elds. As already
found by Grienberg [11] the resultingforce decaysin a
goodapproximationexponentiallywith thewall distance
y. Consideringalsohigherterms,a variationof theforce
densitywith thespanwisecoordinatez appears.Thisvari-
ationarisesfrom thesingularitiesof theequationsfor the
magneticandelectric �eld at the cornersof the magnets
andelectrodes,respectively. In Fig. 2 the distribution of
theLorentzforcecalculatedby the�nite elementMaxwell
solver OPERA is shown. An exponentialdecayaway
from the wall, but also the distinct maximaof the force
causedby thesingularitiesareclearlyvisible.
Averagedover thespanwisecoordinatez, themeanforce
densityis givenas

F =
�
8

j 0M 0e� �
a y : (3)
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Figure1: Sketchof theelectric(thin) andmagnetic(thick)
�elds andtheresultingLorentzforce(grayarrow) over a
�at plate
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Figure2: CalculatedLorentzforcedistribution

WherebyM 0 denotesthe magnetizationof the magnets.
Magnetsandelectrodeshavethesamewidth a. Following
the approachof TsinoberandShtern[12], the boundary
layer equationswith electromagneticforce term may be
writtenas

u
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+
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= 0: (4)

As usually, u denotesthe streamwisecomponentof the
velocity and v the wall normal one. � is the �uid den-
sity and� its kinematicviscosity. After normalizationof
equation(4) with thevelocityof theouter�o w U0 andthe
electrodespacinga, a nondimensionalparameter

Z =
1

8�
j 0M 0a2

�U 0�
(5)

appearsdescribingtheratioof electromagneticto viscous
forces.It correspondsto thesquareof theHartmannnum-
berif onecomparesit with usualMHD �o ws.
For the canonicalcaseof a �at plate boundarylayer,
the streamwisepressuregradientdp=dx is zero. Pro-
vided Z = 1, the boundarylayer thicknessreachesan
asymptoticvalue.Thatmeans,themomentumlossdueto
the wall friction is just balancedby the momentumgain
causedby the electromagneticforce. In consequencean
exponentialboundarylayerpro�le

u
U0

= 1 � e� �
a y (6)

developswhich is similar to the asymptoticsuctionpro-
�le. This pro�le hasa two ordersof magnitudehigher
critical ReynoldsnumberthantheBlasiuspro�le [13], so
transitionwill bedelayedconsiderably.
Flow separationoccursaccordingto Prandtl [1] when
�uid deceleratedby friction forcesis exposedto an ad-
versepressuregradientstrongerthantheremainingkinetic
energy of the �uid. The boundarylayer separatesfrom
thewall anda recirculationregion forms. In consequence
form dragincreasesandpossiblelift decreases.
To prevent separation, the momentum de�cit of the
boundarylayerhasto be overcomeandthepressuregra-
dient of the outer �o w hasto be balanced.Experimen-
tal demonstrationof separationpreventionon a circular
cylinder by meansof a streamwiseLorentz force with
accompanying numericalsimulationshave beengiven in
[14].
The normalizationof the full Navier–Stokes equations
leadsto anadditionalnondimensionalparameter

N =
j 0B0L
�U 2

0
: (7)
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Figure3: Meanvelocity pro�les for the �at platebound-
ary layerin parallel�o w.

N is theso–calledinteractionparametergiving theratioof
electromagneticto inertial forces. B0 is herethesurface
magnetizationof thepermanentmagnetsandL is a char-
acteristiclengthequalto thechordlengthc in thecaseof
hydrofoils. Obviously N ; Z andRe arenot independent,
sinceZ=N � Re.

3 Experimental Results
3.1 Flat Plate

The�at plateboundarylayermeasurementswerecarried
out at the Hamburg Ship Model Basin(HSVA). As elec-
trolyte aqueoussodiumchloridewith a concentrationof
3.65%was usedthroughoutthe experiments. It hasan
electricalconductivity of approximately5S/m.LDA mea-
surementsof the �at plateboundarylayer took placein
themediumcavitation tunnel.Theplatehas25electrodes
and 25 magnetstrips, each10mm in width. The mag-
net/electrodearraystartsat100mmfrom theleadingedge
of the plate and has a length of 400mm. Overall, the
platemeasures500mm� 590mmandwasmountedin the
middleof the tunnel. Leadingedgeandtrailing edgeare
rounded.Themagnetsgeneratean inductionof 0.35Tat
their surfaceandconsistof neodymium–iron–boron(Nd-
FeB).Theelectrodesaremadefrom stainlesssteel.
In asecondseriesof experimentsthetotaldragof theplate
hasbeenmeasuredby meansof a force balance.These
measurementshave beencarriedout at HSVAs arcticen-
vironmentaltestbasin.A moredetaileddescriptionof the
experimentalequipmentcanbefoundin [15].
Theeffect of a streamwiseLorentzforceon themeanve-
locity pro�le of a �at plate boundarylayer is shown in
Fig. 3. This pro�le wasmeasuredat thedownstreamend
of theelectrode/magnetarray, i.e. at x = 500mm with x
measuredfrom theleadingedge.Thewall distanceis nor-
malizedwith theboundarylayerthicknessof theunforced
boundarylayer � 0. A Reynolds numberRe = U0x=�
of 1:8 � 105 slightly below thetheoreticaltransitionvalue
characterizesthe�o w. As canbeseenfrom the�uctuating
velocitiesin Fig. 4 without theLorentzforce(Z = 0) the
boundarylayer�o w is not laminarasit couldbeexpected
for suchnon–optimizedconditions.A similar conclusion
canbedrawn by looking closerat themeanvelocity pro-
�le, which is an intermediatepro�le betweena Blasius
anda logarithmicone.This earlytransitionof thebound-
ary layer is probablycausedby thehigh turbulencelevel
of 2%in thecavitation tunnel.
Thus the streamwiseLorentz force is, in contrastto the
theory, appliedto aturbulentboundarylayer. For Z = 1:2
thein�uence of theforceon the�o w consistsin a moder-
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Figure4: rms–valuesof thestreamwisecomponentfor the
�at plateboundarylayerin parallel�o w.

ateaccelerationof thenearwall �uid. Thevelocitypro�le
becomesfuller, but its shapeis not an exponentialone.
Mainly threereasonsshouldbe responsiblefor this be-
havior. At �rst, theearly transitionof theboundarylayer
causesconditionsnot consideredin thetheory. Secondin
orderto establishthe asymptoticpro�le, a certainevolu-
tion lengthhasto be covered. A roughestimatecanbe
given by looking at the de�nition of the dimensionless
streamwisecoordinate:x0 = � � 2x=(a2U0). x0 should
at leastbein theorderof 1 to allow theasymptoticpro�le
to develop. An integration of the boundarylayer equa-
tions show that at x0 = 7 the boundarylayer pro�le for
Z = 1 hasstill ameandeviationof 1%from theexponen-
tial shape.The pro�les in Fig. 3 aretakenat x0 = 0:13,
i.e. at a positionfar from therequiredone.Third, thereal
forcedistributiondiffersfrom theidealone.Their z mod-
ulationscouldhaveinsteadof thedesiredstabilizingeffect
adestabilizingoneby possiblytriggeringtransitiondueto
secondaryinstabilities.
Lookingat therms–valuesof thestreamwisecomponenta
dampingdueto theappliedforcenearthewall is found,an
effectalreadydescribedin theexperimentsof Henochand
Stace[5]. A strongacceleration,ascausedby a favorable
pressuregradient,hasa relaminarizingeffect on the �o w
[16]. Dissipationin thenearwall region is increasedand
turbulenceproductionis suppressed.Unlike thefavorable
pressuregradient,theLorentzforceactsmainly in thedi-
rectproximity of thewall, thereforegeneratingadditional
velocitygradientsawayfrom thewall. Furtherincreaseof
Z up to 12.9resultsin anincreaseof thestreamwise�uc-
tuationsin this region.
At Z = 12:9 the meanvelocity pro�le shows the form
of a wall jet, demonstratingthestrongacceleratingeffect
of the Lorentzforce. Fig. 3 givesthe �o w pro�le at two
distinctpositionsin thespanwisecoordinatez, at thebor-
der of a magnetand an electrodeandabove the middle
of a magnet.The resultof the spanwisemodulationson
thevelocity distribution is clearly to beseen.The�o w is
strongeracceleratedat theforcemaximathanat themin-
ima.
For Z = 7:5 andRe = 3:7� 105 onecanobserveabound-
ary layerof practicallyconstantthicknessover thewhole
lengthof themagnet/electrodearray. Hereby, thepro�les
weremeasuredat an electrode–magnetborderwherethe
Lorentzforcehasits maximum.Shtern[17] usedthevon
Kármánhypothesisto determinea criteria for a turbulent
boundarylayer of asymptoticthickness. The modi�ed
HartmannnumberZ � 15 which resultsfrom his ap-
proachif oneusesthe force formulation(3) corresponds
relatively goodto theexperimentalvalue,sincethe local
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Figure5: Coef�cient of the total dragfor the controlled
�at plate

Hartmannnumberin theexperimentis largerthantheav-
eragedoneof Z = 7:5. It is evident,thattheLorentzforce
necessaryto balanceturbulent losseswill be higherthan
thatneededin thelaminarcase.
Forcebalancemeasurementsof the total dragof the �at
platearegivenin Fig. 5. CD denotes,asusually, thetotal
dragforceactingontheplatenormalizedby thestagnation
pressureandtheareaof theplate. It is clearlyto beseen,
thatthemomentumaddedby thebodyforcepredominates
theskin friction increasedueto thesteepervelocitygradi-
entat thewall. Thesameconclusioncouldbedrawn from
an integrationof the velocity pro�les in Fig. 3. In con-
sequenceonecan�nd a maximumreductionof the total
dragby morethan80%. However, this dragreductionis
indistinguishablefrom thrustandthe energy expenditure
necessaryto feed the electrodesexceedsby far the drag
reduction.

3.2 SeparationControl

Thewall jet in Fig. 3 atZ = 12:9 indicatesthestrongmo-
mentumincreasein theboundarylayerdueto theLorentz
force. Sinceboundarylayer separationoccursowing to
an energy de�cit of the nearwall �uid, the streamwise
Lorentzforceshouldbeableto counteractseparation.
Separationpreventionby electromagneticforceshasbeen
studiedbothatasmall�at plateandtwo hydrofoils.Flow
visualizationsof the �o w aroundthe �at platehave been
carriedout by meansof thehydrogen–bubble–technique.
An openchannelwith acrosssectionof 200mm� 200mm
�lled with a sodiumhydroxidesolution was used. The
NaOH concentrationwas0.8% giving an electricalcon-
ductivity of 2.5S/m.
Visualizationsof the �o w aroundan inclined �at plate
aregiven in Figs. 6 and7. The �o w is from the left to
the right. Fig. 6 shows the �o w aroundthe plate with-
out Lorentzforce at an angleof attack� = 18� . Since
the Reynoldsnumberbasedon the platelengthis small,
i.e.Re = 1:24�104, the�o w separateslaminarat thelead-
ing edgewithout reattachment.Becauseof the leading
edgeseparation,the �o w shouldbe in�uenced alreadyat
thenoseof theplate.Consequently, themagnet/electrode–
arrayis placedjust behindthe half cylinder forming the
leadingedgeof theplate.
The �o w situationunderthe in�uence of a Lorentzforce
of N = 6:87 is shown in Fig. 7. As thebubblestripsindi-
cate,theboundarylayeris attachedover thewholelength
of theplate.Dueto thepressurerisein theouter�o w, the
boundarylayer�uid is stronglydeceleratedat theleading
edge. By the Lorentz force, the nearwall �uid is sub-



Figure6: Inclinedplate:Lorentzforceoff

jectedto anaccelerationwhile passingtheplate.Thiscan
be seenby looking at the shapeof the hydrogenbubble
stripesneartheplate.
A coupleof larger bubblesleave the plateat the trailing
edge.Thesebig bubblesareformedby theelectrolysisat
theelectrodes.Thein�uence of thebubblemotionon the
�o w is signi�cantly reduced,if the velocity of the outer
�o w is increasedbecausethe increasingshearstresslim-
its themaximumbubblesize.
Separationof �o w causesa form or pressuredragon the
moving body simply due to the pressuredifferencebe-
tweenforwardandbackwardstagnationpoint. This form
dragestimatespracticallythetotal dragof bluff bodiesat
higher Reynolds numbers. Separationprevention can
reducetheform dragto zero.Theapplicationof astream-
wise Lorentzforce for separationpreventionhastwo ad-
ditional consequenceson the drag. On onehanddueto
the exponentialforce distribution, the velocity gradient
at the wall and thereforewall friction is increased.On
the other hand, the force exerts thrust on the body. At
high enoughforcing parametersa con�guration is possi-
ble,wherethrustovercomesdrag.
Forcebalancemeasurementsto determinedrag, lift and
pitching momentof two hydrofoils have againbeencar-
ried out at HSVAs arctic environmentaltest basin. The
samesodiumchloridesolutionasin the �at plateexperi-
mentsservedaselectrolyte.ThePTL IV hydrofoilshavea
shaperelatively similarto aNACA–0017pro�le. Detailed
informationonthegeometryis givenin [15]. Bothhydro-
foils spanwidth andchord lengthwass = 360mm and
c = 159mm,respectively. Theelectromagneticsystemof
both platesdiffer in termsof electrodewidth a, surface
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Figure7: Inclinedplate:Lorentzforceon

inductionB0 andelectrodematerial.
In Fig. 8 dragvaluesof thePTL IV hydrofoil with a=c=
0:03 arepresentedfor a ReynoldsnumberRe = 4 � 104

anddifferentN versusthe angleof attack� . The drag
coef�cient is de�ned in theusualwayas

CD =
FD

�
2 U2

0 cs
; (8)

with FD denotingthe total force in streamwisedirection
as obtaineddirectly from the force balancemeasure-
ments. The Lorentz force in Fig. 8 actson the suction
sideof the hydrofoil only. At the low Reynoldsnumber
consideredhere,separationoccursfor N = 0 like at the
�at plateasleadingedgeseparation,but atanhigherincli-
nationangleof 13� . Sincetheseparationoccursabruptly,
a stepwiseincreaseof the dragcoef�cient follows. The
applicationof theLorentzforceat thesuctionsideresults
for smallanglesof attack,i.e. in a situationwithout sep-
aration, in a decreaseof the drag coef�cient due to the
momentumgaincausedby theforce. Thedragreduction
is relatively moderate(� CD = 0:024at N = 0:288and
� CD = 0:037atN = 0:845). A largereffecton thedrag
resultsfrom theseparationdelay. At N = 0:288separa-
tion is postponedto � = 14:7� therebyCD is reducedby
� CD = 0:044. At N = 0:845separationoccurs�rst for
� > 16:6� , resultingin a � CD = 0:084.
Especiallyonahydrofoil, separationdoesn't in�uence the
dragalone,but alsothe lift. Fig. 9 shows the lift lift co-
ef�cient versustheangleof attackat differentinteraction
parametersN . Hereby, the lift coef�cient is de�ned in
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analogyto thedragcoef�cient as

CL =
FL

�
2 U2

0 cs
: (9)

HereFL denotestheforceonthehydrofoil in thedirection
normal to the oncoming�o w. Fig. 9 givesexperimental
valuesobtainedat Re = 2:9 � 104 anda=c = 0:06. As
in Fig. 8, theLorentzforce is appliedat the suctionside
only. At N = 0 separationtakesplaceat � = 13� leading
to anabruptlift decrease.If theLorentzforceis switched
on,alreadyat smallanglesof attacka lift increasecanbe
seen.This lift increaseresultsfrom theadditionalcircu-
lation causedby theaccelerationof thesuctionside�o w.
Correspondingto thedragreductionat smallanglesof at-
tack,alsothelift increasedueto theenhancedcirculation
is only moderate.Neverthelessit is possibleto obtaina
lift forceevenwithout aninclinationof thehydrofoil.
A muchlarger lift increaseresultsfrom thedelayedsep-
arationof the suctionside �o w at high anglesof attack.
The lift coef�cient increasesfurther monotonicallywith
growing angleof attackup to a point, wheretheLorentz
force is not any moreableto withstandthepressuregra-
dient of the outer �o w. From Fig. 9 onecandetect,that
for thehydrofoil with a=c = 0:06 at Re = 2:9 � 104 and
N = 2:67stallcanbedelayedupto � = 21� . Thisresults
in anincreaseof thelift coef�cient by 92%in comparison
to theunforced�o w.

4 Conclusionand Outlook
The in�uence of a streamwiseLorentzforce on the �o w
alonga �at platehasbeenstudiedin asaltwater�o w. The
experimentsshow a strongaccelerationof the nearwall
�o w if electromagneticforcesof suf�cient strengthare
applied. The applicationof the streamwiseforce to the
control of separationat an inclined plateandtwo hydro-
foils hasbeensuccessfullydemonstrated.Stall is delayed
to higheranglesof attackresultingin anincreasein max-
imum lift anda decreasein totaldragof thehydrofoils.
Experimentson transitiondelay of a laminar boundary
layer arescheduledfor the nearfuture. They will focus
on the in�uence of the force inhomogeneitieson the de-
velopingpro�le. Ontheotherhand,experimentsaimedto
control �o w separationat higherReynoldsnumberswill
beperformedin orderto determinethescaleupof theap-
proach.
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